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]Icllry.  w .  stollc
Jct l) IIJpIIlSiOII ],al>c)]atc)]y/Calif c)r]]ia ]Ilstituteof  ‘J’di]lo]og;y

4 8 0 0  oak Glow! l)rivc
l’asadma, CA 91109

All S’I’ll ACrJ’

‘1’IIc usc Of UIIIIIaIIIIlCd  Iolmtic  vcl]iclcs to assist iIt the
cx])loratioII of Mars  and otllcr  planets IIas I)ccll of illtcr-
cst [othc National  Aeronautics and S})acc~4c]11-li  ilistratiol]
( N A S A )  for sc~’cral dccadcs  and has l)ccI~ tlIc focus  of
tiII oIIF;oill  P, rcmarch  l~rcgram at tllc Jct l)rc}]J~ll~iol~  I,alJ-
ora[ory  (J] ’],) for a silnilar ])criod of tin~c  As a rcsu]t
of  tlIcsc rcscmrch  activitim, J]’], is in the ])roccss of dc-
sig]lillg a])d bui lding a sIIIall  (7-9 Kg,) lnicrc)rovcr  to l)c
flowII al)oard  tlIc hfl;$;lJl{/l’atl  lfil~dcr 1 s]]acccrafl )$’llicll
is tentatively dIIC to I)c lau)lchcd to hlars  ill IJccclnl)cr of
]{]{)IJ,  ‘J’]Ic  ]a]]d~~ l~~ltiol] of t]Ic slxrcccraf~, lvllicll CC)ll-
tai]ts  tlIc lnic. rorovcr,  wIill ])crforlll  a laricty of tccllllc)logy
cxl)[?ril] lclltsclcsi:,])c(l lol]rc~viclci  l] fc)rl)lati  ollcriticaltotllc
dcsigll  of future ])lallctary prol)es. In additiol}, t}l~ lllicrcl-
rovcr  \vill ])crfc)r]n  scycral scicncc a]lcl la]]dcr  rclatccl  cx])cr-
il]lcnts  usil]g s]~ccialixcd ollhc]ard illstrulncllts.  ‘J’o (IIalJIC

(IIC l)licroro~,cr  to ])crforIII  tlIcsc cxl)crin)cllts  at selected
tar~,cl, areas and at,t]lc salocti]ncdcal  \vitll tllclo]lgtit])c
delays (and li]llitccl c(j]tl]l-ll]]licatio]]s  l~andfvicltl]),  a Coll-
trol/]]avigation al,])roacll co]nl)ini]]g  tltc USC of o]wrator
dcsi~; ]latcd mayl)oi]lt,s a]ld oIIl)oard  bcltavior  cmltrol IIas
l)CCII ado])tcd,  ‘J’IIc dcsigtl of the h!l;Slll{/1’atllfilldI~r  lni-
cro~owr and t,l Ic c)~~rii]]  ]nan]]cr i)) ~vl]icl]  it is  cc)]ltrollcd
a]c dcscril]ed IIcrci]].

1 lIAC:KGI{OUN:l)

l’or IIlallyycars, J]’], and NASA haYclJccII  dcvc]o])il]g
JIlissioll  coIIcc]Jt,s  for II, ]IC co][tinucd cxl)loration  of hfars.
‘1’IIc  ltlostrcccllt,  outcolncc)f  this  activity IIas l)CCII a ])ro-
])osi~l  t,oflyt,~yo  sc])arat,c  l)lltrc]a(,cd  ]I]issic)])s, tl)cfirstl)c -
i]]gt]tc  hfll{}SIJl{/l’a  t,llfillc]cr  Nlission  al]d t]lcsccolid I]cing
tlIc  MIXUl{/Network Mission. ‘J’hc hll;SIJl{/l)  atllfil~(lcr
h~issioll,m’hicll  iscurrclltly’  sclIcdulccJ tolaullcl)in l)ccclll-
IJcrof  looc,wil]l)clls  cd” i,odclllc,llstrat  call(lcl’alllat ctllc
])crforIl)allcc O f  a  ]OW CCA hf],;SUl{-liiic  s]~acccraft.  ‘J’IIC
s])acccraft,  will 1.)c cva]uatcd  on its ahi]ity  to deliver a lall-
dcr tc)tllc IIlartiall surf am, witllst,and  and rclial)lyol)cratc

1~4a,. ];,,\,i,c,l,],, cI]tal~~LJ1{\,cy  h4issic,Il  (N414;SU1{)

Ivithin the l)lartiall  c]}~’iroll  lllcllt,sl l])])c)rt  scientific  illstru-
lIlcllts,: ill(l])crfc)rtl  lcx])crilllcIlts. h!l’;Sll l{/l’at llfirlclcrlvill
l)c NASA’s  firsi low cost “l)iscovcry” claw IIlissic))l 7.

‘J’IIc  hfl(:Sll li/l’atllfill(lcr s})acccraft  will also clclivcr a
Microrovcr to hlam  ‘3. (’1’l,c h!l;S[ll{/l’atl)  fil,dcr lnic.ro-
rovcr i s  b a s e d  olI tlIc l{ocky 111 ancl l{ocliy l\~ vchic]cs
Clcvclc)]]cd  llrcvic)us]y atJ1’1, as])art itsroljoticsr  cscarcll
activities [1]. ) ‘J’l  Ic ]~lilll:iryol}jcctii’cof  this  colll])c~llcntof
tllc IIlissiol]  Ivill I)c tc) dmnollstratc  allcl cwluatc the  l)cr-
fcmlla~lce  of a lowcost, MIXUli- l ike Itliclorovcr  a]ld to
cllaractcrizfc  its illtclactioll witli tlIc IIlartiall  cllvirol]lnclltj
(e.g., soil, atlnos])llcre,  CtC). ‘J’lIc ‘al)ility  to clctccl a n d
avoid liazards,  ]Iavip,atc tc] clc.sired targc~ locations lmscd
UI)OII  lncasurclnents  fmn o)ll)oard  scllsors and high ICVC1
co]n]l]a]lds  froln groullcl-based o])crators,  drive across tcr-
raill with varyinp; soil aljd rock l)rc~l)crticw, and IJcIforln
useful scicl)tific tasks  arc critical features tobctcstcd aIId
dcmc)nstrat,cd. I’igurc 1 dc]lic.ts  tlIc l~asic configuration c)f
tlIc hll;SIJ1l/l’  atltfilldcr lalidcr  and lnicromvcr.

III contrast t o  tllc hll~Slll  {/1’atllfll)clcr  Ivlissioll, tlic
hfl;SIJl{/Nct]vc)rk  hlissic)n ~vill involve tlIc delivery  of up
to 16 lowcost landc]s  to hlars  and }vill f o c u s  0 1 1  l)cr-
follllillg  a Jviclc rfillgc of scientific Cx])crilllcnts  involving
~ilcasurcll]cllts talicl) frc)ln ~vidcly  distri])utcd  lalldillgsitcs
( i . e . ,  >  100 l{ln a])aro. ‘J’lIc  j)rilllaryc)l~jcctilcs  c)f tltc
IIlissioli a r c  to dctcrll)illc  tllc glcjl)al scis]nicity  and itltcr-
llal structllrc of ilfars; tc) il])])rovc  our  liIIowlcdgc  of tlIc
g]ol)al circl]latiotl  !vitllin tllc at]llos],llcrc  a]]cl o f  ]Ilctcch
ro]ogic.al  c.onditimls  at, tllc surface;  and to dctcrlllillc  tlIc
clclncllta]  cllclliistry,  ]iii]lcral coln]]ositiollj al)d ice co]ltcnt
of llc~ir-surface soils and rocks. Nct\vork’s  co]lfiguratio]l
also ])rovidm  data cxsc]ltial  for ])la)llli]lg future lnallllcd
]I]issio]ls.

‘1’hc first laul IclI of tllc Ml(XIJl{/Network Nflissic)]i  is
scl]cxlulcd for 1{)99.

2’J’1 ICCOSt  c, fal)iscc,\,cl y[lla<s  hlissic,ll cal>l,cd at$l5O(LJS)
3’J’1 IC ]r,iclo]o\,cr  is  scIInTaIcly  fuIIclcd  lIY hTASA’s  IcwarclI  III O-

gIaIII (Code C). II SCOS(  islmt i]tcl(ldcdill  tlIc NJl,;SLII{/l’at  lIfiIIClcI’s
$’150N’I Cost G])).



l~igIllc  1 :  .\Itis(’s ]c]ldiii o]] of tlIc Nll;Slll  i/l’atl IfiII(lt’I
la IIdcr alId ]Ilic]o]ov(cr. ‘1’IIc II IicroIoIcr  is SIICIIYII  rxal II-
illillg a mrk.

‘jl’]Ic  ]Ilaltiilll tllc]lllal cll\JilOllll  JPllt is (X( 1(111(1  J’ ll~lxll.
])\j]i]lp,  tlI( [Iftclll  O(lll, tlIc lc]IIj)cra(Urr a t  tlIe sl]lfar(  is
CX)ICCIP(I  ((1 1)(  i{l(lllll(l  2!)(:, IV 11(,  I(:IS at ]]i~,llt, llIC t(l II] ICI-
atr Irc will (110])  to as lIo\v [is -1’2!)(~. Sucl I l’firia(io]ls  ]Iow a
Sjgllifi(’iilll tllllal to tile s(]rvival)i]i(y cjf tllc 1{)1’cl a> IV(,II
as t]IP  ];i IId(t, III ICS])OIIWI  to t h i s , lIIC sIIrfacc  ol]cltitio]ls”
l,la II lI:Is 1)(011 (Iiyi(l(d illlo lJYc) ccIIIIl,  (Illcllts, 111(  I’li]rl:ily
N!issi(lll  tI)Itl  tlI( llxlc IIdc Ll Nlissioll, ‘I’l Ic l’rilllalj’  \lis>io]l
is CIIII(IItly  scl I( (Il]lc(l ((J last fol” 7 Sol< “l. ‘1’11(  ol,j(clivv
Of (11[’ l’lilllillj’  Jlissioil  \vill I)C’  to llclf(ll”lll (’ii Cll of 111~ 1( ’11
l~asrli]l  ((l [(clIIIol(Igy  ex))[littlrtlts :it I(;Is(  CIIIC(, c(,ll((t a
A1’XS sl)(’(tllll II o f  :1 l“OCli,  ~111(1  acqllirt al) ill)ap,r ~Jf 111~)
lalIIl(r it) [III lt:i<t IIIIIII1)PI o f  llIcr]IIiIl  c~clrs (i,{,, SCJIS).

l)llrill~  tlIr l) Ii II I:Ily FIlishiolll lIIC tlliclo]ov(r  \!ill II ]]laiil
willli]l tll(’ vi(\v of (11(’  1:1]1(1(’I’*  Cillll(’1’21S illld ll;l\fl ;ill J’-

M’ll(, ]c fl’olll 1 0  to 1 0 0  111( ’lCIS.

‘1  IJC l:xIc II(Io(I  \lissio))  l)cgil)s (III llIc 8’” S(1I  aft(r \Yllicl)

4 ] S(,] : 1 ]j];,rli:*l] {lay : 21 110111 !., ,10  ]I]i]]lllc,  (i.e., slip, })lly

IO],[,fl  111,,1, 1  fall)]  (1:1s)

tlIc sa~nc cxlwrilncllts  will Ix pcrforll)ccl  ovm a wider range
of tcrraill/cl l}lirolll)lc]ltal c.o)lditiolls. Additional AI’XS
sI)cctra  and i]nagcs  of tllc lallclcr wil l  also bc talicn.  If
it, survives, t,]Ic microrovcr  will also })c colnlna)ldcd  to ex-
])lore  lmyolld the lalidcr’s  visual liorizoIl a]~d ])otmltial]y
l)cyolld tJIc ra~lgc witllili  wliicll tlIc lnicrorovcr  a]lcl la~ldcr
caIl co]nlnullicatc,  ‘J’IIc  latter is csti]natcd  to bc at a b o u t
700 lllctcrs  and lvoulcl naturally require tlic Inicrorover  to
return  ])erioclically  t o  trans]nit data. (It slIould bc lIotccl
tl~at nc)tlli~lg lvitllin tlIc Illicrorovcr>s  dcsigll ~)rccludcs it
from o])cratillg  illdcfillitcly.)

3  V} 1:1 II C:I,E l)}tSIGN

‘J’IIc N!ll;SLll{/l)atllf  iJlclcr ]nicrorovcr  systcIII  i s  COIII-
]jriscd of the followil]g  four su}Jsystcl IIs:

* h!ol)ilit,y

e Colltro] and A’avigatiol)

e 1 ‘onw

* ‘Jklccc]ll  llll(ll]icaticllls

‘J’lIc N!obility sul]systcln  i]lc.ludcs tllc vcllicle c h a s s i s ,
wlIccls, \vl Icel drive and stccril)g  nlcc.lla])isl]]s  (i. c, motors,
gears ,  cllcoders);  tlIc rc)clicr-1.,ogic. susl)cllsioll systcIII;  tllc
\l’arln  l~lcctrollics IIcx (\\’1’;li); tllc solar INIIIC1  sulxtraic;
rover-io-la]ldcr II)ounti]lg IIardwarc;  aIId various intcrllal
sul,c]lassis (e.g., })attcry I)ox). ‘J’IIc Control aIId Naviga-
ticnl Sul)systcln  illcludcs  tllc onl~mrd C1’U,  II ICI IlOIy, aIId
1/( )  clcc.trwlics  l,oards; tllc onl~oard  navigatiolj  sclisors
(e.g., calllcras,  accclcrol’llctcrs, etc.); all onl)oal.d  software;
tile rover  grou)ld  control station; and tl!c ground  control
stzrtioll soft.ware. ‘J’hc l’mw sul~systelll  ]]rovidcs  t]Ic solar
CCIIS for tlIc solar ])allcl, tlIc I)attcry  CCIIS, and a regulator
l)oard  colltailli]lg  a variety of l)(;/l)C ])o\vcr collvcrters.
‘J’]Ic ‘J’c]ccc)l))ll lllllicatio)}s sul)systcvn  consists  of t])c t w o
[1111’ IIIOdCIIIS  and wlli]~ alltcl]llncs, OIIC for tllc lander  and
OIIC for tlIc rwvcr.

‘J’IIc I)asic  configuration of tlIc flight systcIII is illus-
trated i n  l~igure  2. ‘J’lIc  vc]liclc, SIICIIVII  ill its dq, ]oycd
co]lfiguratiol!, is 65.0 CII1  loIIg, 48.0 CIII wide, and 30.0
CIII IIiglt,  and will lIavc a II I:iss of l)ctwwll  7-9 Kg. \\rl ICI I
slo~rcd  ill t]le la)ldcr during  cruise, tllc rover is oltly 18 cln
IIigll.

3.1 h401)ility  SubsystCm

OIIc of tl)c key f e a t u r e s  dc]~ictcd ill ]“igurc 2 is tllc
rocker-])ogic susl)cnsioll systcIII  [2]. ‘J’his sus])c)lsion  sys-
tmn giws tlIc vcllic]c a]) cxccj)tic))lally  IIig,h dcgrcc of llIo-
l,ility  Cvlal)lillg it to travc] across fine dust, and c.lillll) olAa-
CICS  twice tllc dialnetcr of its WIICCIS.  ‘J’]Ic  dcsigtl c.o]isists  of
t}~o identical  but  illclcl)cndcl)t })]allar  ]inkag;c lncc,]lanislns,
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l?igurc 2: Scllclnatics  o f  tlIc N41’;SIJl{/1’atlIf  iIIdcr  hlicr<j-
rwcr sllmving tlIc rclat,ivc ]JlacclIlcllt of tlIc s i x  drive
wlIccls,  tlIc roclicr-l)clgic  susl)cnsioll systcl II, tl]c \YarlIl
l’;lc<ctrollics IIcm (\4T1’}ll),  tllct Jvofc)rJrardlo  c)kil}gcalllc  Jas,
t}lcfivc  lascrstril)c ~,]ojcctc,rs,  and Illcsolarl,ancl.

o]Ic  o] I citllcr  side of tllc vel~iclc, illt.crcon]~cctcd to tlIc vc-
l)iclc chassis I.)y a difrcrcmtia]. ‘J’lIc  Cliflcrcvltia] collst.raills
tllc cl]assis  SUC.11 that tlIc relative rotation l)ctwcc]i citllcr
rocflkcr allcl t,hc c.ltassis  is l}alf that of tllc rotatio]l  }JctwcmI

Qty
(3)
(1)
(4)
(4)
(2)
(1)
(3)
(2)
(3)
(3)
(2)
(2)
(G)
(3)

(~)
(2)
(1)
(G)
(4)

(10)
(1)
(4)
(1)
(3)
(3)

‘J’al)lc  1
N]lsclr

Accclcmmct cm
Il?Ltc Gylo”
}IUIII])C1  (chassis)

Bullqlcr  (Scllm)
Cx])s  (flwt)
C(:l)s  (Icw)
Iklll])  (m:]).)
‘Jill)]]  (m)(w)
‘lklllI)  (w];]])
‘1’0,1]) (S[llal)
QCM  5
S[,]ar  CE’IIS

Cuclc]]t  (Mdm)
Cullc)lt  (}latt)
CU1l  CIII  (I{cg)
}Iop,ic l’ositioll
I)iflclclltial  1’0s.
1$71)ccI  l’c,siliml
Stcclillg AIIgJC

Voll?lgc (Motol)

Ml,] C e l l

SC]mI +i( io]i

A1’XS  l’mitiolj
}Iu,,,]w,  (A I’XS)
l{cal-r~’illlc  clock

CJlihoard  scllsc~rs
l’lilnaly  P’ll,lctic,],(s)

11a7ard l)ctcctiml
I)cad  I{eckol,ir,g
Cc,llisic,l]  lktcclioll
Cc,llisic,n  l)ctcctioll
IIllagillg;  l’lc~xil]lity
llaaF,ilIg;  ’1 ’aTgct  \7alidatic,11
CC])  ClaliL,.;Scicllt  ificll[l:tg,illg
hfl~,(o]  l’cif[)]li)a~]ccl; vait]atic, ]]
‘J’ltcJIt~al  Ccl]it]ol  L, C1l):ilactcli~atic,ll
Allay  l’elfc,Il[]a~,  cc Itval~latioll
l)tlst  Aclliclclicc;}’article hfaw
1’OWCL’  Mallilgcmcllt
‘Jl,lqtlc  hfc,]!itc,)il!g,;}<’atl]t  ])]otcc(io]l
I’CIWC]  Llallagclllrl)t
l’o\wr  hlalmgc]llcllt
IIamlrl  l)ctcctiolt;  hfol,ility
IIamld  l)ctcctio]);  ifc,}~ility
lkad  l{cckollillg
])irec(ic,l)  Co,ltrol
hfotol  l’clfc,lj[lallcc}  ;val~]atic,ll
W’}ICCI  Al,ra<i(,ll
I) C]IIOJ’IIICIII  Sttitc
l)c],loy],,c’l,t  C[)lltld
AI’XS  l;l,)],laccl,,c],t
‘J’il[~r/Alal]]~  Clock

lIIC IIVO rockers. Otllcr  illll~cjrtal]tfcatllrcs  c)f tllc rockcr-
l)ogic design i])c.ludc  tlic  statically dctcrlnillistic  loading  of
tl[cvclliclc’s}!ciglltoll tllcwllccls, a IIo))]iltalgroullcl  ])rcs-
surc of ().5 ]wi (011 Nflars), aIId tl]c alm~lcc of kinclllatica]ly
illduccd  tracliillp;  crrc)rs.  ‘J’ltc ltiitcr is clue to tl)c fact that
tllcwllccls firccol]straillcd  l)y tllcnlccllanisln torclnai]l in
]Ilallc.

Colltro] c~f tlIc vcllicle’s oricvlt ation  i s  acllicvcd  I)y
cllaligilig tlIc oliclltatic]ll  (i. e., .s(,ccrillg alI~,lc) of tlIc four
corllm wllccls. Sillcc tlIc steering allglcs arcillclc]~clldcl]tly
collt]ollcd,  tllcvclliclc cm] turl) about, aIIy racli~lsillcl~]dil]~;
mrc) (i. e., tc>iurll i]] ])lacc)  ~~’itllc)tltskiclcli)lg.  Altllougl) tl)c
vclliclc is li)ccllallically  ca])aljlc c)f true Ackerlnali]l stccr-
ill~, asligllt lYsi Il)]~lcr tilg(]ritll )i)isllscd  torcducc tlIC COIII  -
l)lcxi(y of tl[c colltro] systclll. ‘1’IIc silll])lification  involves
sct,ti)lg t,]Ic s])ccd  of t]lc six dlil,c  \V]ICC]S  t,c) t]IC s.al IIc \,a]llc
as O])]JOSCC1  t,CI tlIc iruc Ackcrtnalll}  WI IUCS. III ])racticc,
this oIIly afrc;c{s tllc vcllic]c’s  I)crforlnallcc  al]d tlIc accw
racy  c)f ilIc dca&rcckonillg  a]p,orit]l]ll duriil F; tight turl]s.
‘J’IIC  al)ili(y to tllrlt  ill ])lacc w i thou t ,  sliiddirl~;  , ]Iolvcvcr,
ovc Icol IIcs tl]is lill]itatioll.

3.2 C o n t r o l  and N a v i g a t i o n  Subsystcm

‘J’]Ic  II]ic.rorovcr  cc~l]tail)s all cxtcllsivc  suite of sc]lsors
~vllicll arc USCCI for llavi~;at,ioll, lla~,ard  and obstacle dctcc-
tiol], ])mvcr ll)all:i~clllclll,  fault, l]rotcclio]l,  and collection
c~f lncasurclncllt, s for ])iirticu]ar  tccllllo]ogy cxl)crilnc]lts.
‘J’IIc ty])cw  of scllsc)rs  a n d  tllcir  ljri~llary fullctio]l(s)  a r c
listed ill ‘J’al)lc 1. Illally of tlIc sclmors  serve lllultil)lc  fuIIc.-



tio]ls. l’or  cxaIII~Ilc, tlIc thlcc i]]tcr]lal  IiIlcar  accclcro]t]c-
icrs arc usccl 1 ) to measure the oricll{atio]l of tlJc chassis
wi th  rcq)cc.t to vcrt,ic.a] to indicaic  how CIOSC t.lIc vchiclc
is to ti]jl)ing over, 2) to measure instantaneous accclcr-
aticrlls Cluril]g t r ave r sa l  in su])])cw(  clf tlIc tcclIIIology cx-
]Icrilncmt,s;  rIIId  3) to com])cllsatc  tlIc rate gyro rcadillgs.
ITI addition to tllcsc scmors,  tllc micrcrr-over co]ltailw an
Al])lla/l’rc)tc)  ll/X-l{ay  Sl)cctrolncicr  (A I’XS) wl~icll is at-
tacllcd to a dcq)loyl]lcnt  mccllanisln  011  tl~c l)acli of tl~c
l]licmrovcr.  S])cctra flroln the AI’XS \vill l)c used ljy tlIc
scic]ltists  t o  ]I]easurc  ~c]c]nclltal  co]nl)ositicm.  ‘J’l Ic A1’XiS
w i l l  l)c  ]Jrovidcd I)y tllc Max  VaII  l’la IIk llls~itute  ill (Jrr-
II IalIy and tlIe [Jllivcrsity  of Cl]icago in tlIc USA.

‘JI’IIc sc]isors ]istcd ill ‘J’al)lc  1 ,  tlIc tell lvl Iccl II)otors,
tllc A1)XS,  tl~c 111111’ II IOd CIII, and several IIlisccllallcous
actl]atom  (i .e . ,  ],itil,o] dust  COYCIS)  latcl,cs,  c(c), arc a l l
illtcrfaccd  to and con t ro l l ed  Ly a sil]glc o)llloard lliicro-
]~roccssor. ‘J’lIc  lnicro])rocmsc)r  is bawd u])olI  tlIc 80(X5
(:1’[1 \vllicll IIas I)cm used cxtcmsivc]y  C)II  otllcr  ])lallctary
sl)acccraft,  is f(l]ly flight  qualified, al]d i]n]nu]lc  tO Sjllp,]c
lh’cllt  12atClIUIW (SII;I,S).  ‘J’IIc 80(35 i s  a  100 l<i]m, 8 Lit
IIlac.llillc  With a 16 bit  adclrcss  s}]acc (i. e., 641{l)yte  address
s}jacc). IIank s~vitcl]ing will l)c used tocxtcl)d tllc olll)oard
II ICIn OIy to 672 l{l~ytcs  (16 K1.Jytcs of core l{ohl, 16 K})ylcs
of core I{ AN!,  1 ?tll{bylcs  of 11’laslI  II;l;l)roln, and 51 ?Kl)ytcs
of l)u]!i I{ A? M). ‘J’l Ic hulk liANl is for storill<; il)~ag;cs aIIcl
cllgillccrillg  data l)rior to translllissioll  to cart]]. ‘J’l Ic o11-
l)oard colttro] code is cx])cctecl  to occul)y a])])roxilnatcly
60- SOKIIytcs  of tlIc core llOhl and II; II} I’I{OM.

4 CJON’I$lK)I,  ANI) NAVIC;  A’I’10N

‘]’]Ic  s(,rat,cgy  for col)l)]lalldillg; and colltrc,lling tllC  lni-
crom’cr  is I)ascd U])CII1  a colnl]i)latioll  of ol)crator-l)ascd
wayl)oillt  designation  [ 3 ]  aIId c)lll)oard  I)cllavior  cmltrol
[4, 5, 6], ‘1’lIQ  ~vay])oint  dcsignaticnl  colnlmnclltl  (lcals ~~itl~
tllc groulld-l~ascd  l)lallning  of tllc act ivi ty srqucllc~’ :111~1
tllc i]jtcr:ictiw  s e l ec t ion  c)f tlIc locatio])s  tl]]oup,l)  wliicll
tlIc vrllic]c should t]zivcl ill order to rcac.1) dcsird  activity
sitm.  IJllrillg  t h i s  sic]) ill tllc ])roccss  o f  cc)lltrollillg tllc
lnicrorowr, it is tllc rcs])ollsil)i]ity of tllc IIulnall  o]lmator
to dcsi~]l{itc ])atlls (i.c, a scqucIIccs  o f  tYayl)oillts) \vllicll
arc free of obstacles and/or lla~ards  wllicll could tllrcatcll
tlIc safety of tl]c vcltir]c tiIId jcol)ardim  tllc IIlissic)lj. ‘I’l Ic
l)cllaviora] col[l])ollcllt of tlIc contro] strategy corrcs])ollds
to lIIC olll)oard algorithllls  wllicll autollolllous]y  and safely
llaviga(c  tltc vc]liclc froltl olIc wayl)oillt  to tllc llc’~~. ‘J’ll~sc
algoritllrlls  account  for  tlIc il]accuracics  invo]vcd ill Ilal’i-
gatillg  along uIIliI~owIl tcrrail~ and tllc ]]rcscncc  of  ol)sta-
clcw and/or IIazarcls wl~icll were ullclctcctcx]  I)y ilIc o]]cra-
tcm.

‘lIIc task  o f  dcsigllatillg  [i wayl)oi]lt is c.cnlc.c],tual]y

quite sirn]jlc. Usi]lg  tlIc dis]~lay ca])al)ilitics  built i]]to tllc
Rover’s Co]itrc)] Statio]],  tlIc ol)cratc)r  looks at tlIc local
]l~artian tcrraill  ill 3-1) and cliooscs  lIow hcst  to g e t  f r o m
OIIC ]ocatioll to allot l]cr. ‘J’lIe  3-1) il]lagcs a r c  ol)tained
froln tlIc lander’s stem) ilnagillg  systcIII wllicll is locatccl
a]~j)rcmilnatcly 1.5 ll-lctcrs  al)ovc tllc grou)ld. (’J’l Ic la]ldcr
c.a]ncras IIavc an ill]a.ging rcsolutiml  of 1 mrad/])ixcl). A
joystick is tllcn used to ])ositio]l a 3-1) gra])l}ical IIIOCICI
of the lnicrorover  at locatio]ls  (i.e., tlIc tvayjmillts)  wllic]l,
JVIICII collllcctcd by straight lillcs, dcfil Ics tlIc ]Iolllinal l)atll
tlirougll wllicll tlw vclliclc slIould  travel. If tllc tcrraill  cont-
ains IIulncrous  ol)staclcs  and/or  lIazfirds, tllc c)])crator  call
s]~acc tlIc }vayj}oillts rclativc]y  c]osc to olIc allolhcr  ( e . g . ,
0.25 ]I]ctcrs),  Jvllcrcas i f  tllc tcrraill  is  wlfitivcly  I)cvligll
mly fi fcw ivtiy~)oillts ]nay l)c IICWICK1. ‘J’IIc clmice o f  IIOW
II)ally  lvay])oiljts  to dcwig)latc is u]) to tllc o])crator  slid tl~c
cx~)crilncllt  tcaln.

‘J’IIc ]milllary adval)tagc  of tlIc af(~rclt-lclltio]lc(l  co]ltro]
stratc~;y is t,lIc irlhcrcllt  scl)aratio]l lJCII!’CC]l tll C ])lanlling
and colltro] fullctiol]s wl~icl)  r e q u i r e  sigtlificallt  ]lroccss-
il)g cal)al)ilitics  and calI l~c ]Jcrforll]cd  olI tlIc grounclj  alIcl
tlIose wllicll require rclati~’cly  little cc)ll]])lltatiollal ca]~a-
l~ility aIId CaIJ IIC il)]])lclllclltcd al)oard  tllc r o v e r .  ‘J’llis
is cxtrcrllcly i)n])c]rtallt,  ill that, tllc d e s i g n  c]f tl)c IIlicrc)
rover  is  IIigllly  cc)llstrail)cd ill tcrlns of its ])cm!cr, IIlass,
a]]d ~WlIIIIIC. A s  aII cxaIIIjdc, tlIc oljl)oarcl C1’U,  NlcIIl-

ory, and 1/() electronics Inust,  IIotl  rquirc lnorc  tllall  1.5
watts to ol)cratc  and Inust fit witl]ill a volulncof less tl]all
300cn13.  IIigl)  ~)crfoxl]lallcc  Coln])utc]s  l~llicll satisfy suclI
coIlstraillts  and arc fli@lt qualifial]]c  (i.e., radiatiol)  IIard,
S1;1, ilnlllullc)  arc lIcJt rcacli]y avail al~lea)ld  lIcIIcc tlIc algc)-
ritll Ins  IIIUSt l)c sill)])lc  elIoup,l I to iltlIJlcl)lcllt oll an 80C8b
class IllaclliIlc.

4 . 2  c:c)llll?lalld C y c l e %

‘HIC ]) Ioc.css I)y wllicl) colnlllands  arc gcllcratcd  olI tllc
groul)d, Il])li]lkcd totl)c lalldcr,  find cxccutcd  l)y tllc lnicro-
rovcr  is dq}ictcd ill l“igurc  3. ‘J’IIc  stc])s  indicated tlicrcill
Collstitlltc  a sijlgle rover  col II II Ial Id cycle. ()]Ic  rover  colll  -

lIlarId  cycle ~vill I)c ])crforlilcd  cacll S01 lvitll tllc  col II II Iaild
scqucIIcc l~ci]]g u]~lilllicd to tlIc la]ldcr starting at al~l)rox-
ill]atcly  7: OOal Il (Inarti(in  tiltle),  sllort]y  after l’; artlj  rise.
‘J’]Ic  cartll  IIIUSt  IJC ill tlIc field of view of (IIC la)ldcr  sillcc
it colllltlllllicatm  clircctly wit]]  tlIc ground zis c)])]mscd  to
co;lll))ullicatilig  tllrougl] al I orl)itcr.

AII i)ll])ortallt coJ)straint  0 1 1  tlIc ovcral]  ]Ilission is that

tllc lalldcr  calI gcllcratc  and store olIly enough cllcrgy to
clrivc its IIigll gain alltcl)llac  for two llo~lrs caclI S01. ‘J’lIc
],larl is tltus to Ilavc tllc lalldcr  tclcljletcr  d a t a  dowII to
tl~c earth  twice })cr Sol. 111 tlIc IIlornillg, tlIc lander will
tclclnctcx data cc,llcctcd car]y tlIi It lnorni]]g fro)n  tlIc lan-
ders scicllcc i])strul]lmlts and cllgillccrillg  sc])sors  as WCII  as
data collcctcd Ly tllc rover  tlIc ],rcvious  l]igllt (if nigl)t ol)-
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l’igurc 3: A II)icromvcr colnl)lal~d cycle Clcl)ictillg tlIc pro-
ccsx hy wl]icll a rover colnmancl  scqucmcc is p,cllcratcd olI
tlIc ground) u])linliccl  to tlIe s])acccraft,  al)d cxccutcd I.)y
tlIC  )ilicrorovcr.

craliculs  \vcrc l)mforlncd). III tlIe aftcr]~oo]~, tlIc la]ldcr  lvill
tclclnc(cr  d a t a  it l)as collcctcd  during  tl)c clay, illcludil)g
days-clId ilnagcsc)ftl]c  rover, along lvitll tlIc data collcctccl
lIy rover. ‘J’llc ll])lil)k/clolJlllillk  rate is a])])loxil]latcly  600
1)])s.

III co))trast,  tlIc rover and ]andcr  will cc)ll)lllllllicatc!fitll
OIIC  allotl)cr  tl~rougllcmt,  tl~c Sol via lJlllI’ IIIOdCIIIS  ( 9 6 0 0
l)lw; 450-470 MI)Z)  wit])  (IIC r o v e r !Irallslnitiillg;  all alcr-
agc of 2 h41)ytcs/Sol.  As indicated in lrigurc 3, tlIc rover
tral)s]nits  data to tlIc lalldcr  after mcl I cc)lnlnalld  is cxe-
Cutcd ‘1’IIc lalldcr  silil])ly stores tllc data u])tlil it calI for-
wald it to tlIc ground. III addition to rcducillg  tile al IIoulIt

of olll)oard lnclllory  rcquirccl, tl~is strategy lnillilllim tlic
aIIIOLIIIt  of data 1OS( if tl]c rover sufl’crs  a critical sys~cIII
failurw duriltg  tlIc Sol.

4.31 COmmancl SCquc:nccm

‘1’lIc lc,catic~lls tl)rougl] wllicl~ tllc rover wi l l  travc] arid
tlIc aciivitics that will l>c pcrforn]cd  a “s})ccific sites arc
clIoscJI  l)y  tlIc Cx]mimclltf tcaln based 11])011  tll; results  of
],rcviously  c.o]lccicd  dlat,a, tl~c Inost rcccult  i]nagcs  o f  tllc

co’]  ‘b x Y
x = 3.5 (Ill)
Y = 2.1 (Ill)
T = 300 (sCc)
. . .

Gc)’J’@ x Y
X = 4 . 2  (n,)
Y = 3.8 (m)

T : 500  ( s C c )

Acquire-ll]lagc
Cal[lcla  : }{
l;xp  : 1.25 (SK)

I)c I)1oY-A1’XS
C’[mfig  :  soil

Acquire-S],cctla
l,l(c.g = GO (Il,ill)
})1,/1111  = 1
.

St fit,,<

G cl’]& x Y
.,,

1;’1 c.

; ~Hvjg,ate  to  ,vtiyJ)C)iIIt, avoid  ol,striclcs

; X ctlordil,alc  c,f filst  wayl,oillt
; Y ct,ordil[ri(c  of filst  lvayl)oillt
;  ‘1’il,lcout (i.c,  ]Iltixiraul[l  l]avel  ti]llc)
; additional colltlnalld  lJarzilnctcrs
; hlavjgat~  to ~aY],~,jlit , avoid Ol]S~iiCICs

;  X coordirlalc  c,f scco])d  JYayl,oillt
; Y coordi]latc  of SCCOIIC1  lvayJ,oillt
; ‘1’ilacout  (i.e., ]I,axiJJ,l]In  tra~cl  til[,c)
; tidditiollal  col]il])alicl lmlalnctcl.
; ‘1’rIkc  m ],ictlllc
;  l{caT calllc]a
; I;XI, OSUIC  tilllc
; arldiliollal  colnli]a])[l  ]]alalllclcls
; lkId[,y  A1’XS
; Soil saln],lillg, collfigulatioll
; .a[lditiollal  collll]lar[d  l)araltlctcl  s
;  Acqui!c  all A}’XS  SI,cc[ruIII
.~, , JJcclrulll  illlcgfatiojl  tiljlc

; Store i,, A]’XS IIICIIIOIy L,aTik  1

; additic)llal  ccm]lnalld  J]al.alllctcrs
; Collect IIcaltll  and statu<  data
; additional ccI][III~alId  ]mralJlc{cls
; Navi.gate (CI wayl,oint,  avoid  obstacles
; additic,llrtl colnl]lalld  ],aralt]ctcw

lrigurc 4: Annot atcd ]{ovcr  A c t  i v i t  ics Scqucncc  l’ilc

(RASI) contai,ii,,:;  several ful,dalncl,tal  rover co),,],]al,ds.

rover and surrounding tcrraill, aIId  tllc relative ill)])ortallcc
of tllc cx])crilnc)its yet to coln]]lcted.  OIICC sclcctcd  tllc ol)-
erator  uscs tllc illtcractivc  ca])aljilitim  of tllc rckvcr colltro]
statio]] t o  col}struct tl)c actual  cc)lnll)alld scqucI~cc  t o  hc

uI)linkcd tc) tlIc rover via !Ilc lanclcr.  ‘J’l Ic resul t ing cxc-
cuta})]c colnllland  file is called a ~{ovcr  ~fctivit.y Scqucncc
Jllc, or  ltASII’.  AII cxa]n])lc  o f  an a)lnotat,cd ltASII’,  o r
COIII]IOIICIIt  t IIcrcof,  is ])resc]ltcd  i]] l’igurc 4.

4 . 4  Navigaticln

‘J”IIc (;o’1’c)-XY  colnlnalld  is tllc j)ri])cil)lc II ICaIIS for ill-
structilig  t]IC IIlicrorovcr  t o  II1OJ’C fronl onc wayljoillt  to
tlIe  IICXt  wllilc si]]iulta]lcc,usly  a~c)i(li]l~;c)l)st.aclcs  a]ld haza-

rds. A s  dcscril~cd, tllc cxccutio]l o f  tllc CJo’J’o XY colll -

JI]arld, alo]lg with tlIc rest of tllc co]]]]l]a]lds il] a I{ ASII’,  is
])crforll)cd coln])lct cly alltc)l]olllt)llsly. III additic,ll,  to tl)c
(Jo’J’o  XY colnlnal]d,  tllcrc  arc scwral o t h e r  colnlnancls
Ivllicl] can IIC u s e d  to rc])osition and/or  rmrie]lt tllc vc-
l}iclc. ‘J’lICSC  “(liscrctc-l]]c)tic)ll” col II II I:il Ids, l]owcvcr,  arc
ilitctlclcd for diagl)ostic  ])ur])oscs and do IIOt il~vokc fcxd-
l)ack l,cyoIId  that of scrvoillg tlIc drive and stccrillf~ lnc)tors
to s[)ccificd  I)ositio]ls.

‘J$IIC i]lll)lc]llc]ltatio]]  o f  tl]c  Go’J’o-XY  C.OIIIIII(i]Id co]l-
sists of tllrcc l)ri]nary  co]n])o]lc]lts. ‘J’IIc first co]l]l)o]lc]ltl

is ihc dead-rccko]li]]g algoritl]]n  wllicll is used to COIII1)U(C

all Cx+tirl)atc  for tltc location (i.e., X-Y ~)ositioll  a)ld llcad-



iIIg) of tlIc micromw  :rclativc to ilm lander. ‘J’lIc  l)crrding
cstilnrrie  and tlIc currcl]t  heading sct]mi]~t arc used by t.hc

IOW level servo systcln  to cc)lltrol  tlIe vc+iclc’s steering  an-
glc, ‘J’]Ic scc.c)nd coInpoIIeIIt  is tl)c underlying IIavigatioll
algoritllln  wl~icll silnl)ly drives tl~c vcllicle dircc.tly tcnyards
tlIc s])ccificd way]joint.  ldcally,  if 110 obstac.]cs  alId/or  llaz-
rrrds  arc l)rcsc))i  and the vc]liclc ]Ias  pc]fcct, tract icrll, tlIe
vcllic]c wil l  trawl aloug  a shaigllt lim to tlIc way})  oillt.

‘1’IIc t h i r d  col~l])c)l)cntj  is tlIc l)chaviors  }vllich utilim illfor-
lnatio]] from tllc cml)oard  scllsors to detect the ]Jrcscmcc c)f
olmtaclcs and/or IIazalds  and ,gmcratc  stccrillgjdrivc  sct -
])oillts \vllicll c)vcrridc those gmlcratccl  l)y tllc underlying
]Iavjgatio]l alp,oritllll). OIIcc  tlIc ~’cl)iclc 110 Iollger WIISCS
tllc ])rcscllcc o f  EIII  olwtaclc/llazarcl  and it IIas colll])letcd
cxccuti]lg; its avoid al]cc IIlallcllvcr,  tlIc l~cllavic)rs rctllrll  to
grllcratillg  a “nu l l ’ ) ollt])nt  and tllc u]ldcrlyi]lg ]lavi~,atio]l
alF;c,ritll]n  takes colltrcl]  of tllc vcllic]c.

‘J’IIc  dead-rccko]]ills algoritll]ll  a]ld the means for de-
tecting  a]ld avoidi]lg obslaclcs  a]]d l]a7ards are dcscril~cd
ill t lIc follo~~illg  scctic)lIs.

‘1’]Ic IIlicrorol,cr>s (Ic:icl-rcckc)llil]p;  al~;oritl]tn coil JIIincs
(110 lncasurc]llcllts  ol)taincd  froln the six drive \vl Iccl elI-

codcrs, t]lc t h r e e  lillcar  accclcromctcrs,  and tlIC r-ate gyro
to cstiltlatc tllo ]Josition a n d  IIeading of tllc ]]licrorovcr
}vitlI  rcs]) ccl t.c) 11)0 la))d cr. ‘J’IIc l~cadillg com])ollcllt  i s
estitl)atccl  using t h e  rcadillgs  fro]n tllc rate gym and ac-
cclerolncters.  ‘J’lIc  accclcrolnctcrs,  w]}icll also lncamlc in-
clination  directly, arc used to coln])c]lsatc tllc readings
ol)taincd  froln tllc r a t e  gyrc) to accourlt f o r  cllan!,cs  ill
(IIC oriclltatio]l  of tllc k’chicle’s chassis. ‘J’IIc coll]])cl~satcd
rcadil]gs tire tllell illtcgratcd to form the final llcadill~ ~s-
til]latc.

‘J’IIc vclliclc.’s  ])ositiol]  is  cstilnatcd l)y first colll])uting
tlIc avcra~c o f  tl[c IIulnl)cr  o f  dcgrccs (i.e., null)l)cr o f
coIIIIts)  cacl I MI IIccl IIas t raveled sillcc tllr ])rcl’ious coil -
tro] cyilc.  ‘J’IIc  avcr<igillg rcclllccs t]Ic e r ro r s  a s soc i a t ed
witl] Ilsillg a  ltlillilnnl  sIIlmt of tlIc wlIccl rotatio]l  llIca-
s(lrclnc])t,s, ‘J’]Ic avcra~;c  wl~ccl roiatiolj i s  cmlvcrted into
dow]lrangc t r ave l  I)y lnulti])lyillg  it by tllc WIICC1 ladius.
‘JIIIC  dowl]rallgc  travc] i s  tllcn dccolnposcd  i]lto tllc dis-
tallcc  traveled almlg tlIc ]andcr’s  X arid Y axes (i.e., I\A’
all(l A}’) l)awd o])on  tl]c currmlt  cstilnatc of tllc vclliclc)s
IIcadillg.  11’i))ally,  tllc cstiln;itc of t}Ic vcllic]c’s lmiticu)  is
ul)datcd  l)y addill~~ AX and A}’ to tllc currc]lt  cstil])atcs.

‘J’IIc  accuracy of  the al)ovc csti]]jatcs  dc])c]lds heavi-
ly U1)OII (IIC Yclliclc’s  Iii)lclnatics,  s o i l  dcllsity, and
w]wc]/trc.ad design. III gcllcr[i],  tlIc cstill)ritcs  co~ltillllous[y
ac.culnulat,c  crmrs.  A means for Imnding tl)csc errors,
llowc~cr,  dots exist siIIcc  tlIc lalldcr  will ill]agc tlIc rover
at tllc! C]ld of Cacll so l . WIICII  gcncratin.g a I{ ASII’, tllc
o]jcrator  will fit a 3-1) gra])llic Incjdc] of tllc rover to tl]c

actual  3-1) ilnagc  of tlIc rover and extract the lnodc]’s po-
sitic)ll ill ]rrltdcr  coordinates. ‘J’llis l)ositic~~l  cstilnat,c  will t)c
iltcor])oratcd  i~tto the liASII’  ancl used to reset 1.IIc on])oard
]mitio~l  cstilliatc. ‘1’lIc  dead-rcckonil)g errors call thus bc
reduced to tlIc accuracy c)f tlIc la]ldcr’s i]na~;ing ca]~al)il-
ity so loIIg as tlIc r o v e r  criI~ bc SCCII I)y lrrndcr. otl]cr
tccllllique.s for rcduc.illg tllc dead-rccliollillg errors as t]lc
vcllic]c II IOVCS arc currellt]y  ulldcr  dcvclo])l]lcnt but, a r c
bcyc)lId  tlIc sco]w of illis  ])a]~cr.

4.5.1 ol)st:iclc!/JJ  azaicl l)[!{[!ciioJl

‘J’llc Il]artiall  cllvirolll)]cllt  ])oscs  lIla]Iy  ])otclltifil  tllrcats to
tllc safc(y  of tllc ll]icrorc)~cri llclll(lillp,  large rocks, col IIIIlcx
l)ouldcr f i e ld s ,  cliffs,  ravillcs,  cscar],lllcllts,  stcc]) slo~)cs,
a)ld dust, ]Jits,  just, to IItiIIIC a  f e w .  III rcs])ollsc,  tlIc llli-
croro)’cr  has l)ccII cqui])l)cd  Ivitll a wrricty of scllsors f o r
detecting t,hc ],rcscncc of critical l~azards,  ‘J’I)csc  scnmrs
range froln tllc sirn I]lc ])c)tclltic)lllctcrs  IVllicll  IIlcasur-c tl~c
killclllatic  configuration of tlic lnobility  sul,systcl]l  (0 tllc
II”lorc  so])llisticatcd  ])roxill)ityscllsillg  systcln  which is cc)l II-
])riscd  of 5 laser stri])c ]Jrc)jcctors  aIId 2 {;(;1) calncras.

TIIc scllsors illcor])orated  ill tllc dcsi~;]l IIal’c ljccII cllc)-
SCII  10 ovcrco  Jne IIla)ly o f  i]Ic scllsil)g  ]i]nitatiol]s  \vlJicl]
were cx])cricliccd  011 earlier vclliclcs, l“or cxam])lc, the 11{,
])rc,xiljlityscl~sc)rs OII  ]{ocliy  IV ~~cre ]ilnitcd tosillglc ])oillt
l)illary dctcctio)~ ofohstaclc ])rcscllcc.  t311c SUCII sm,sor Ivas
attacllcd  to tlIc rocker-l)op;ic struts al)ovc cacl I of tlie four
o u t e r  wllcc]s. ])uc to tllc si)rrrsity  of tl]c lncasurclllcntsj
tllcir  scllsitivily  to surface all.redo, and tllcir  lllovclncllt
rclaiivc  to tllc l’clliclc chassis, (lICSC scllscws  wllcre ullal)]c
to d e t e c t  tllc ])rcscllce ofl cliflk and IIOICS  a~ld frcqucllt]y
ffiilcd  to detect olxtac]cs  clircc(ly ill fro)lt of tllc vcl~iclc.
Conscquclltlyj  tllc vclliclc was silsccj)til)lc to fallillg c,f a
clifl’,  F;cttillp; cauglltl ill a lIolc, a)ld lli~,ll cclltcrillg.

‘lb ovcrcolnc (Itcse earlier lilnitatiol]s and to address
c)tllcr IIazard collditiolts,  tltc fliglll ltlicrorovcr  colltairls all
ilitcgratcd  ]}roxilnity  scllsi)lg systcl)i  w,llicl]  illcludcs t~~o
(;(;l J calncras  and five stri]jc  l)rc)jcctors.  ‘J’l Ic stri]~c l)ro-
jcctors  filId (Xl)s  arc lnoulltcd  to lIIC front,  of tllc vclliclc
just I)clow tllc so l a r  ],ancl as i)ldicatcd  i]) l~igurc 2. ‘1’]Ic
calneras  lIavc all cxtrctl]cly  wide field of view, 1.7 radians
ill tllc l)orizollta] direction and 1.4 radiarls  ill tllc vertical
clircctioll, alId a rcso]utioll  of 2.5 lllrad/])ixcl.

‘J’IIc  stri])c ]Irojcctors  gclleratc  vcltical  I)la]lcs  of  l ight
Jvllicl] crcatc  ~’isil.)lc stri])cs  01) tlIc surfdcc of ol)st  aclcs and
tllc tcrraill  ill frol)t of tllc vclliclc. \YIIcII vimvcd  l)y tllc
calncras,  cacl I stri])c a])pcars  as a ragp;cd lillc duc to tl)c
irrc~;ularit, ics ill tllc tcrraill. Sillcc tlIc calllcras  and stril)c
]jrojccto~s arc ii]] IIloulltcd along  tlIc salIIc IIorizolltal axis,
tl)csc rag~cd li]lcs c r o s s  cacll seal) lillc witlli]l tl)c ilnagc
oII]y OIICC. ‘J’IIc  five ])rc)jectc)rs  gcnlcratc OIIC S(I i])c out over
tllc Ti.gilt front  R’lice], one out olrer tlIc left frol~t, wlIcc], OIIC
Out tllc cciitcr  of tllc vellic]c, slid t~vo slril)cs  wltic}l a r c



]MOjICCtCd  diagonally out  acrc,ss  tlIc front of tlIc vclliclc.
‘J’lIc  dctcc.lion of tlIc ]]rcscncc  of IIazarcls  using this  ar-

rangclnc]lt ci’ CC1k and stril)c ])rojcctors is  l~ascd ~ll)c)ll
triangulatio]l and tl]rcsl)olding. ‘I}iangu]atio]l is used !0
]ncasurc  tlIc ra])gc to an oktaclc and c)r a surface ])atcl]
U])OII  w]licll a light stri])c IIas landed. ‘J’]lrcd)oldil)g is tllcll
used to dctcrlnil~c wl)ctl]cr or not, tl]c rallgc lncasurclncllt
sig]lifics  tltc l)rcsc]]cc  of  a  IIazarcl,  l“or cxaln])lcj collsi(lcr
tlIe task of looking for a IIolc or cliff i]) fro]]!  c)f the ri~,llt
wl]cc].  III this case, tllc right stri])c })rc)jector is turllccl on
and tllc rig;llt  camera takes an illlagc. ‘I’IIc  II a seal I lillc is
sclcctcd IIear tlIc l)c)ttolll of tllc ililap;c and filtered to lcj-
c;itc tllc ]Jositiol] at ]vl]icll tl)c light strillc  crossm tllc sc:in
lillc. ‘J’l~is ])osit  ion corlm])onds  t]Ic al~glc at wl)ic]l  t]lc
rcflcctcd ligl]t ray c]llcrcd tllc lcIIs.  \\~itll this  illforllla-
tioll and tlIc klIoIvIj gcolnctry  c)f IIIC stri]~c ]~r(~jcctor  alId

caltlcra,  tllc ra]]gc to (IIC illu]nillatcd  ]mil]t is col II IJutcd.
‘J’llis  IaIIgC is tlIcvI colll]jarcd to tllc rallgc tl)a{ ollc wwuld
cx])cct to IIleasurc if lllIc vclliclc wllcre sitting olI a large
flat  surfacr.  If tllc fortncr  is significallt]y  greater tlIall tllc
latter, it indicates tllatl tlIc tcrrail]  drc,]m ofl’ sllar])ly  alId
that a hazard  exists. If it is less than  tllc latter it indic-
ates tll:it tllc tcrraill  is slol)ing u]]ward.  If tllc difi’cmlcc
is very l:irgc it il]dic.ales that an ol~stacle, sucl I as a rc)ck,
is illlll]cdialcly  i]) froll(l of tllc wlIccl.

WIIcl I tlIc vcllicle is IIavigatil]g,  l)otl~ tllc right  and left
cal)lcras  are used to scIIsc  for llazarcls and tllc stri])c ])rcJ-
jccloIs arc ]Jcnvcrccl  011 and ofl’ i)) a ])rc~~rogralnlncd sc-
quc]Icc  to illsurc tl]at ml]lti])lc s(ri])cs  a])]) caring  lvithin a
sillglc ii)lagc  CaII I)c lmo]jcrly clisaltll~igllatcd.  III addition)
f o u r  stall lillcs arc ty])ically  used at tllc sall)c tilnc;  OIIC
at, tlIc to])  of tllc i]nagc , t~vo in tllc ln,idd]c,  and OIIC at
tllc lmttoln. ‘1’lic l)roccssi]ig  of ]nul(il)lc  scaII lines cllal~lcs
tllc systclII (o ]cmli for IIazards wllicll lic directly i], fro)]{
of lIIC vcliiclc as Ivcll as nlorc distant  IIazards. 011 Mars ,
tlli!j ]Iroxiltlity  scllsillg and IIazard  detection Systclll is de-
signed to o])crat,c over a range of 10 to bO clIJ. If required,
tllc  o],crali]lg lallgc  CaII be incrcascd l)y sul.)tractil)~;  out
tlIc :illll)icllt ligl]t tl]rougll  siln])lc  ilna:;c cliflcrmlcilig. ‘J’llis
wou]d  incrcaw  tllc slmt  dctcctioll  SIX]{, !vllicll is al]]]r(mi-
lIlfi{cly  3, I)y rougl~ly  t~vo ordcw of lt-lap,nitudc.

.A v;tricty of otlIcr scllsors arc USCCI  to detect IIazalds.
‘1’IICSG  i)lcludc,  f o r  cxal II]jlc, tllc accclcro]nctcrs  w’llicl)
II ICaSIIIC  vc]liclc  i)lclil]atioll  and ])rc)\’idc aII i]ldic;itio]l o f
wllctl]cr o r  l)otl ~’clli(lc is  likely to tij) oycr. ‘l’lIcy also
serve to illdicatc  \vl]icl) way the vcl)iclc Ivill sli]) tral’clil]g
lat,?rally alc)IIg a steep slope. Contact scllsors 011 (llc Iowcr
front  cd~c c)f tlIc I)clly  ])all SCIVC  as a safety net a~,aills~
tl]c ])rcscllcc  of ljclly IIcigl}t r o c k s  ]vllicl] lnay IIavc l~ccll
IIlisscd  l)y tllc ])roxil]lity scnsi)lg  systcln  and could c a u s e
tlIc vcl]icle 10 fatally high celltcr.  Contact scllsors on tllc
rilll o f  tllc sc)lar ]Janc] il]clicatc tllatt tllc I’clliclc  lIas  COIIIC

toc~ C1 O S C  to rock wit’11 ovcrl]anging  ])rc)trusiolls. ‘J’IIc  lJCP
.gcy and difl”crclltial ])c~sitio)l scllsors i~ldicatc  illc ])lcsclIc.c

c~f illsllrll)olllltal)lc  olxtaclcs and/or ullcx]lcc.tcdly  rou.gj
and ]~c)tclltially  IIazardous  terrain.

A  coIn])ldc  dcscri])tion c)f all tlIc  IIazards wllicll call
bc dctcctcd  l~y tlIc IIlicrorovcr is l)cyolId  tlIc SCO1)C of this
])a])cr.

‘1’lIc lnicroro~cr  avoids olxt  aclcs aTId otllcr  nav iga t i on
related lla~, ards l)y invoking ])rc])rc)graltlll)ccl  behaviors
~~llicll override tl]c default straigllt-lillc  l)aviga(ion  algc)-
ritllln. ‘J’]Ic ])articu]ar  I)cl]avior  i~lvokcd dcl)cIIds 11])011
wl)icll l]azards  IIavc I)CCII  c~lcountercd.  ]Jor malnI)lc,  i f
olIc of tlIc front co)ltact  scl]sors  i s  dc])rcsscd tlIc vclliclc
i s  ~)rogral]lllicd to ilrllncdiatc]y  sto]), }Iacku]) u]), tur)l to
C)IIC side, and drive forlvard a s]lort distance. If lIo oillcr
IIazards a r c  I)rcscllt,  tl)c vclliclc rc-itlvokcs  tlIc straigllt-
lillc navigatic)l]  algoritllln  alId again starts llrading  directly
tcnvards  tl)c ]Icxt way])  oill(. IJcsigllillg }Jcllaviors wllicll
s a f e l y  avoicl all of tlIc llazarcls can solllctilncs  l)C cluitc
tricky a])d tllc Clcsigtlcrs lIIalic frcqucllt  usc of cxl)crilncw
tal rcsu]ts to a s s i s t  tlIcl II ill tuliillg  tlIc bcllavior  ]Jara]m
ctcrs (c,g., lIIC aII~ou  IIt to turm lwforc  lIIovilIg f o r w a r d ) .
‘J’hc grczitcst  cl Ia]]cIIgc, IIolvcvcr,  l ies ill dctcrlllillillg what

to CIO WIICII lnorc tllall c~IIc  lla~ard  h a s  b e e n  dctcctcd.  ‘J’o
a v o i d  liavi]lp; to clcvclol) a large set C)f I]cllaviors, cacll of
Jvl]icll ccnrcs])o]lds  tc) a diflcrwlt  possil)]c set of lla~}ard coll-
ditiollsj  tllc overall l)cllavior  control algoriillln  c.olltaills a
decision tree w]licl] dc(crll]illcs  wllicll IIazard  is ~norc i]rl-
})ortallt (i.c,, wllicll  is lnorc  l ikely to criI)]jlc  tllc ll]icro-
rovcr) a n d  tl,us  wl,icl, bcl)avior sllou]d Lc iIlvokcd first.
l,ikc tllc IJcllavioi-s  tllcl]lsclvcs,  tlIc dccisioll tree is ])rcI)ro-
grait)lt)cd aIId col[structcd  l)y tlIc d e s i g n e r s  l)ascd U])OII
a simI)lc  analysis of tllc vcl~iclc’s cal~al)ili(ics and Pdilurc
Ill OdCS.

‘J’lIc ollvious advantage tc] l)cl]avior  colltro]  is its coil I-
]]utatiol]al  silll])licity. IIascd u])olI  our ])rior cx])cricllccs
]vitlt  l{ocky 111 a)ld ]{ocky I\r,  it is cstil)latcd  that tllc final
fliglltj systcln  Ivill cc)]ltaill a])]]roxilnatcly IL2’O clcvnc]lta]
l)cllaviors wl]icl],  in various colt)l)illatiolls,  c:iII I)c used to
rcs]jolld to all of tlIc lla~, ards  wllicl] arc likely to exist, 011
hfars. If, IIo)vcvcr,  tlIc vcl)iclc i s  ullal)lc t o  succcssful]y
rcacl) a s])ccificd  Ivay])oillt }vitllill a sl]ccificd alnoullt o f
tilnc,  and/or after  lIavi IIg traveled a sl)ccificd alnoullt, it
call si]))])ly sto]j aIId “]) IIOIIC IIO]ne’).  At tl)at ]Ioillt, tllc
groutld-l)ascd oj]crator  and expcrilncljt, tcaln  c.aII tii]alyzc
tl)c situatio]l  usil]g tlIc data col]cctcd  during  tlIc vcllic.lc)s
attcl])])t  to rcacll tl]c Ivayl)oillt  as NICII  tis lalldcr-l)ascd  illl-
agcs of tllc rover. A  IICIV l{ASl~ call tllcll I)c gclicratcd,
u])li]lkcd  tc) tllc rover, al]d used to “walk”  tllc vcllic]c out
of its c.urrcllt J)rcdicalncllt.  ]~roln a mission ])oi)lt of view,
tl~is a])])roficll constitutes a I)alallcc bctwccII  tllc a]l]ou]]t of

autol]olny  wllicll  OIIC call rcasollal)ly  CXIJCC1  to incor])olat,c
illtcj sllcll a slltall and cc>lll])lltatic)llally  lilllitccl vclliclc, tllc



.

i]mncnse  co.gllitivc skills of tll IC systcIIIs’ human operators,
allcl t.llc lcvc] of risk tlli?ll  call IJc reasonably assull]cd \vlIcll
clcalillg wit]} ]nulti-million  dollar  illtcrI)lallctary  IJ)issioll.

5 CON C:l,tJl)lNC;  1U3h4A1UCS

‘1’l]c hll;S(ll {/1’atllfil]dcr  Mission will ]Jlay all cxlrelllcly
iln]lortallt  r o l e  in tllc wolution of intcr])lal)ctary  cxJJlo-
ratio]l. If succcssfu], it will set tllc siagc  for tllc dm’cl-
O])lllcllt, of slnal],  IIlocl,:ratcly-]  )ricccl s])acccraft cal]ablc of
colllrc]lli)lg so])llisticatcd  scicl]tific illstrulncllts.  11) addi -
tio)l, it wi]] dclllollstralc t]lat rol)otic  vc]lic]cs, like t])c onc
dcs(ril)cd ill this ])a])cr, can successfully ])crforln  a wide
range of ncw and exciting scic]ltific  cxjlcrimcl]ts (c./,., the
clll])lacc)llc)lt of illstrulnellts like tllc A1’XS agai~)st rocks
wllicll  lic IIcyond  tllc rcacll  of a lalldcr).

‘1’IIc task c)f designing a lnicrorovcr  for o])cratioll Oli
IVla]s ])OSCS  IIul!lcrous  cllallcng,cs. Mal]y of tllcsc arise fro])]
lI]c cllaractcris(ics  of tllc lnartiall Cllvirolllllcllt, tlIc  lnost
scv~rc of wllicll is tllcllllal cyc]inp; . ‘J’IIc  IIcrctofcw ullaII-
swcrccl qucst,iolls al)out  tl]c ])rol Jcrtlics of tllc martiall  soil
also I)ling almut  numerous cllallcllgcs.

It] conclusion) it is l]o],cd that tltc Nfll;SLll  {/1’atllfil](lcr
lnicrololcr will ]jrovidc tl)c rcscarcll  colnmu~lity wit]) valu-
al)lc illforl~latioll to assist, ill tllc design of future ])lallctaly
rovers.

A C:](N  OW1,  EI )GI!;IL41’;N’J’S

‘J’IIc aut]ior  wisllcs 10 aclillowlcdgc  tlIC  collti-il, utiolls o f
cacll a)]d every IJlcml)cr  of tl)c N41;S(ll{/l)  atllfitldcr Lli-
crorovcr  IJcsigll allcl ll]l])lcl]lcl~tatic~ll  ‘J’cal)l. ‘Jllc rcscalcll
dcscril)ccl  ill this  ]Ja])cl was carried out  l)y tllc Jet l’)o])ul-
sioll ],al)oratory,  (;aliforl]ia  IIlst, itutc of ‘I’ccl II IcIlogy,  u)ldcr
a  colttract,  wit])  tllc National  Acro]lautics  and S])acc Ad-
lnillistratioll.
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